Nanomedicine utilizes nanoscale materials and principles to effect medical intervention at the molecular scale with the goal of curing diseases or repairing tissues. Drug delivery is arguably one of the most important and promising areas in nanomedicine.
in particular amorphous mesoporous silica nanoparticles, are very attractive because of their biocompatibility combined with high surface area and pore volume as well as uniform, tunable pore diameters and surface chemistries. 4 Through simple electrostatic interactions, drugs can be loaded at very high concentrations. Recently, such porous silica particles have been utilized to deliver a wide range of drugs and therapeutic agents, including chemotherapy drugs, proteins, and DNA. [5] [6] [7] Achieving high drug loading, however, is only one facet of the drug delivery problem. It is equally important that loaded drugs are retained and protected before reaching target tissues or cells to maximize drug efficacy and minimize toxicity. For drugs loaded by electrostatic interactions or physical adsorption in freely accessible pores, metabolites/ ions in the body fluid can displace the drugs ( Figure 1A , pathway 1), resulting in premature drug release. To avoid this, molecular-gating strategies based on coumarin, 8 azobenzenes, 9,10 rotaxanes, 11 polymers, 12, 13 and nanoparticles 14, 15 have been designed, wherein drugs are released only upon gate opening or removal.
When confronted with the similar problem of controlling materials exchange, cells utilize lipid membranes to retain and protect intracellular components. Most charged hydrophilic molecules and ions cannot diffuse through the hydrophobic lipid bilayer and are effectively confined inside cells. Inspired by nature's designs, we have fused liposomes on mesoporous silica nanoparticles and investigated these "protocell" constructs for applications in drug delivery. To date, supported lipid bilayers have been studied extensively as models of the cell membrane, 16 but their applications in nanomedicine have yet to be explored. Here we report that liposome fusion on silica cores followed by successive steps of electrostatically mediated lipid exchange between silica-supported bilayers and oppositely charged free liposomes reduces bilayer defects and controls surface charge, allowing cargo retention, delivery, and release inside cells.
Calcein, a negatively charged and membrane-impermeable fluorophore, was used as a model drug. Because of its negative charge, calcein is excluded from negatively charged silica mesopores. As shown in Figure 1B (left side), after calcein and mesoporous silica nanoparticles were mixed and centrifuged, the dye remained in the supernatant, and the particles were colorless. We previously communicated a synergistic loading system in which calcein is loaded into negatively charged silica by fusion of a cationic liposome, 1,2-dioleoyl-3-trimethylammoniumpropane (DOTAP). 17 In the present work, calcein loading was achieved by incorporation of a cationic aminemodified silane, 3-[2-(2-aminoethylamino)ethylamino]propyltrimethoxysilane (AEPTMS), (see the Supporting Information) into the silica framework. Cationic mesoporous silica cores with ∼2 nm diameter pores were prepared by aerosol-assisted self-assembly 18 using tetraethylorthosilicate (TEOS) + 10 mol % AEPTMS as silica precursors and CTAB as the structure-directing agent. When the cationic silica particles were dispersed in water at 25 mg/mL in the presence of 1 mM calcein, >99.9% of the calcein (determined by fluorimetry) was adsorbed into the pores ( Figure 1B , right side), resulting in a 2.5 wt % loading relative to silica (with saturated calcein, loading can reach 24.2%). We further tested such calcein-loaded cationic silica particles for delivery of calcein into Chinese hamster ovary (CHO) cells. Surprisingly, no calcein uptake was observed, as evidenced by the lack of any green fluorescence associated with the cells ( Figure  2C ). This was also confirmed by flow cytometry studies ( Figure   2B ), where the fluorescence histogram of cells incubated with the calcein-loaded particles was similar to that of cells incubated with free calcein. The failure of calcein delivery could not be attributed to inhibited nanoparticle uptake, because nanoparticles were clearly observed when silica with covalently labeled FITC was used ( Figure  2D ). Instead, this failure was attributed to the displacement of calcein by molecules/ions in the culture media. To confirm this, the fluorescence of the F-12K medium after particle centrifugation was measured and compared with that of free calcein dispersed in the same medium. As shown in the first bar in Figure 2A , calcein was quantitatively displaced into the medium. Further experiments showed that small polyvalent anions, such as phosphate, sulfate, and carbonate, as well as chloride are effective in promoting calcein displacement (see the Supporting Information).
To address the problem of premature drug release, our approach employs phospholipid bilayers fused on hydrophilic mesoporous silica cores to create a cell-like structure. We postulated that this supported bilayer "protocell" construct should reduce drug displacement in a manner similar to the cell membrane. Compared with other synthetic organic molecules or nanoparticles used for gating silica pores, [8] [9] [10] [11] [12] [13] [14] [15] liposome fusion provides a simpler method with better biocompatibility. Additionally, the bilayer remains fluid, and it is possible to graft functional moieties such as targeting ligands and PEG chains on the
was applied, the release of loaded calcein was reduced by ∼55% (Figure 2A, bar 2) . However, the cellular uptake of calcein was only slightly improved, as evident from both fluorescence microscopy ( Figure 2E ) and flow cytometry studies. This was attributed to the negative charge of the supported DOPS bilayer, which is repelled by the negatively charged cell surface. To further improve both drug sealing and delivery, we mixed purified DOPS protocells with free cationic DOTAP liposomes ( Figure 1A, pathway 3) , reducing the calcein release by ∼75% (Figure 2A, bar 3) and significantly improving the calcein delivery to CHO cells ( Figure 2F ). Additional liposome mixing steps with oppositely charged liposomes (use of up to four steps was tested) provided no additional calcein retention (Figure 2A) , suggesting some defects were still present, possibly attributable to the defect-inducing properties of cationic nanoparticles as reported by Banaszak Holl and co-workers, 19 which produced a subset of defective protocells. Further refinement of the lipid composition may lead to complete pore sealing. 6 Overall, when the liposome added at the final step was positively charged DOTAP, the calcein uptake and release (green emission) were substantially greater than for those prepared with negatively charged DOPS ( Figure 2E-H) .
To investigate the generality of this method, we further tested the delivery of doxorubicin, a red-fluorescent chemotherapeutic drug. Positively charged doxorubicin is readily adsorbed by pure anionic mesoporous silica particles (4 wt % loading relative to silica). We compared cellular uptake of doxorubicin-loaded naked silica cores with that of cationic protocells constructed by successive addition of three liposomes (DOTAP/DOPS/DOTAP). Unlike membrane-impermeant calcein, free doxorubicin can be internalized by cells, which contributes to its cytotoxicity. With doxorubicinloaded naked silica particles, a relatively uniform red fluorescence was observed within the cells (Figure 3C ), similar to that resulting from incubation with free doxorubicin. In contrast, the protocells produced a very bright punctuated pattern typical of nanoparticle endocytosis ( Figure 3D ), suggesting that at least a fraction of the doxorubicin was delivered by the protocells. Flow cytometry studies also showed higher doxorubicin fluorescence when the cells were mixed with protocells ( Figure 3B ). When the medium supernatant fluorescence data were compared, the emission from the protocells was only about one-third of that from the doxorubicin-loaded naked silica ( Figure 3A) . This is important because avoiding premature drug release is crucial for reducing drug toxicity. We also tested the toxicity of the drug carriers, and even DOTAP protocells yielded >98% cell viability (see the Supporting Information).
When a supported lipid bilayer is mixed with oppositely charged free liposomes, three outcomes are possible. 20 First, the liposomes may fuse with the supported bilayers to form supported multilayers. 6 Second, the liposomes may be adsorbed onto supported bilayers as a result of electrostatic interactions. Third, lipid exchange between the supported and free liposomes may occur. Previous work on planar surface-supported bilayers favors the lipid exchange mechanism; [20] [21] [22] [23] however, Akita et al. 6 observed double bilayer fusions with DNA/ polycationic nanoparticle cores. To discern between these various possible outcomes, we monitored the potential of both silicananoparticle supported bilayers (protocells) and the empty liposomes of the supernatant after mixing and centrifugation. The pure empty DOPS and DOTAP liposomes had potentials of -43 and 46 mV, respectively (blue and red lines in Figure 4A ). The surface charge of the protocells can be made positive or negative, depending on the last liposome added. However, after the first fusion step, the absolute values of the potentials for both the protocells and liposomes were less than those of the free liposomes, suggesting that the surface layer is composed of a lipid mixture. These results support the conclusion that after the first fusion step between the anionic DOPS liposome and the naked cationic silica core, the following steps involve lipid exchange; otherwise (e.g., for fusion or adsorption), the potentials of the protocells and liposomes should be identical to those of the pure liposomes. By addition of different concentrations of DOTAP liposomes to supported DOPS bilayers, the surface charge of the resulting supported bilayers can be systematically tuned ( Figure 4B ). However, even with very high concentrations of DOTAP liposomes, the final particle surface charge was still less than that of pure DOTAP liposomes (46 mV). These results provide a physical picture of the process. When DOPS liposomes are fused with cationic silica nanoparticles, defects are likely to form, and these are difficult to heal because of electrostatic considerations. 19, 24, 25 Subsequent addition of cationic DOTAP liposomes results in electrostatically driven association and lipid exchange up until the point where the diminishing electrostatic interaction and van der Waals attraction are exceeded by the disjoining pressure, after which the associated exchanged liposome is released; this process is qualitatively similar to that seen between oppositely charged liposomes and flat supported bilayers. 20 To confirm the liposome fusion and lipid exchange hypothesis, we performed confocal fluorescence microscopy (CFM) and transmission electron microscopy (TEM). Figure 1C shows CFM images of large (∼15 µm) anionic mesoporous silica particles fused first with Texas Red-labeled DOTAP and then mixed with NBDlabeled DOPS. Colocalization of the red and green fluorescence established the presence of both DOTAP and DOPS. Corresponding TEM studies of fixed and stained protocells showed a majority of particles (after both the initial fusion step and subsequent exchange steps) with a ∼5.5 nm thick rim ( Figure 1E ), indicative of a single supported bilayer, 26 while a very small fraction of particles (<1%) show a layer of ∼11 nm ( Figure 1F ), indicative of dual bilayers. Therefore, while a majority of the particles underwent lipid exchange, fusion cannot be completely ruled out. Under no conditions did we observe double bilayer fusion 6 in a single step. In summary, we have used lipid fusion and exchange between free and nanoparticle-supported liposomes to reduce defects and control the surface charge of protocells. These parameters are crucial for drug containment and delivery to mammalian cells.
